The transcription factor IIH (TFIIH) helicases ERCC2/XPD and ERCC3/XPB are responsible for opening the DNA strand around the lesion site during nucleotide excision repair process. Genetic variants in these two genes may be markers for interindividual variability in DNA repair capacity and thus predisposition to cancer risk. In this case-control study of 1,010 incident lung cancer cases and 1,011 age and sex frequency -matched cancer-free controls in a Chinese population, we genotyped eight tagging polymorphisms of ERCC2 and ERCC3 using the high-throughput Taqman platform to determine their associations with risk of lung cancer. Although none of the eight polymorphisms was individually associated with lung cancer risk, we found that genetic variants in ERCC2 and ERCC3 jointly contributed to lung cancer risk in a dose-response manner. Compared with those with 0 to 1 ''at-risk'' locus, subjects carrying >1 at-risk loci were at increased risk for lung cancer [adjusted odds ratio (OR), 1.29; 95% confidence interval (95% CI), 0.98-1.70 for 2 at-risk loci; adjusted OR, 1.38; 95% CI, 1.02-1.85 for 3 at-risk loci; and adjusted OR, 1.51; 95% CI, 1.09-2.10 for z4 at-risk loci, respectively; P trend = 0.015]. This combined effect was slightly more evident in young subjects (<60 years), males, current smokers, and those with family history of cancer, particularly for histologic type of adenocarcinomas. No evidence for interaction was found. These findings indicate that these tagSNPs of the ERCC2 and ERCC3 along with their surrounding regions may serve as biomarkers of susceptibility to lung cancer, which warrant further validation by other population-based and phenotypic studies to determine the biological relevance of these tagSNPs. (Cancer Epidemiol Biomarkers Prev 2006;15(7):1336 -40)
Introduction
Tobacco carcinogens induced DNA damage, an important early event in lung carcinogenesis, that is mainly repaired by the nucleotide excision repair (NER) pathway. Mammalian NER has been reconstituted in vitro, involving >30 different proteins (1) . Among them, helicases ERCC2/XPD and ERCC3/XPB, two transcription factor IIH (TFIIH) subunits, are responsible for opening the DNA around the site of the lesion, a crucial step to start the NER process (2) . Germ line mutations in ERCC2 and ERCC3 that alter their protein functions cause severe NER syndromes, such as xeroderma pigmentosum, which represents an extreme low end of the repair spectrum that is associated with a >1,000-fold increased skin cancer risk (3, 4) . An f5-fold variation in DNA repair capacity (DRC) has been observed in the general population, with reduced DRC shown to be associated with an increased risk of lung cancer (5, 6) . It was also suggested that 312 Asn and 751 Gln variant genotypes are associated with risk of smoking-related lung cancer (7) .
Several ERCC2 polymorphisms in the coding regions with a relatively high minor allele frequency (MAF) have been identified (8) , including two nonsynonymous single nucleotide polymorphisms (nsSNP): G23592A (Asp 312 Asn) in exon 10 and A35931C (Lys 751 Gln) in exon 23. The ERCC2 312 Asn and 751 Gln variant genotypes were reported to be consistently associated with lower DRC phenotype in genotype-phenotype correlation studies (7, 9) . However, it was also found that the 751 Gln genotypes were associated with a higher DRC (10) , and that the 312 Asn variant genotypes had no effect on DRC (11) . Furthermore, a number of case-control studies with different ethnic populations have investigated the associations between ERCC2 polymorphisms and risk of cancers, particularly smoking-related lung cancer (12) . However, the results from these molecular epidemiologic studies are elusive rather than conclusive. In two recently published meta-analyses, elevated lung cancer risks associated with the variant alleles of ERCC2 312 Asn and 751 Gln were confined to the fixed combination model but not in the random effect model (13, 14) , suggesting that these results need to be further evaluated in larger studies within a homogenous population. In addition, these two nsSNPs are not sufficient because they may not be in sufficient linkage disequilibrium (LD) with other untyped causal SNPs in ERCC2.
Because no common (i.e., MAF >0.05) nsSNPs in the coding region nor functional regulatory variants were identified in ERCC3 to date, there are no studies that have investigated the functional relevance of the SNPs and their associations with cancer risk. Considering similar functions of ERCC2 and ERCC3 proteins in the NER pathway, we determined genotypes of three common tagSNPs of ERCC2 in addition to the two nsSNPs (Asp 312 Asn and Lys 751 Gln) and three tagSNPs in ERCC3 by using high-throughput Taqman genotyping assay in a case-control study of 1,010 incident lung cancer cases and 1,011 age and sex frequency -matched cancerfree controls in a Chinese population. We tested the hypothesis that genetic variants in the ERCC2 and ERCC3 genes are associated with risk of lung cancer.
Materials and Methods
Study Populations. The study population and subject characteristics were previously described elsewhere (15) . In brief, a total of 1,299 cases with histopathologically confirmed incident lung cancer were recruited between July 2002 and November 2004 from four hospitals of three metropolitan cities along the Yangzi river, including the Cancer Hospital of Jiangsu Province, the First Affiliated Hospital of Nanjing Medical University, the Shanghai Cancer Hospital, and the Wuhan Zhongnan Hospital, without the restrictions of age, sex, and histology. Of 1,299 subjects approached for recruitment, 1,010 (77.8%) patients consented to participate in the study and provided blood samples (487 from Nanjing, 156 from Shanghai, and 367 from Wuhan). The control subjects consisted of patients with diseases other than cancer recruited from other clinics of the same hospital (425 from Nanjing, 137 from Shanghai, and 449 from Wuhan) during the same time period when the cases were recruited. All the control subjects were frequency matched to the cases on age (F5 years), sex, and residential area (urban or countryside). Each participant was scheduled for an interview after a written informed consent was obtained, and a structured questionnaire was administered by interviewers to collect information on demographic data and environmental exposure history, including tobacco smoking. Those who had smoked <1 cigarette per day and <1 year in their lifetime were defined as never smokers; otherwise, they were considered as ever smokers. Those ever smokers who quit for >1 year were considered former smokers. Pack-years [(cigarettes per day / 20) Â years smoked] were calculated to indicate the cumulative smoking dose, and the ever smokers were further dichotomized by the cumulative dose of 29 pack-years according to the pack-years distribution of the controls. Family history of cancer was defined as any self-reported cancer in first-degree relatives (parents, siblings, or children). After interview, a onetime 5-mL venous blood sample was collected from each participant. The study was approved by the institutional review boards of Nanjing Medical University, Fudan University, and Tongji Medical College of Huazhong University of Science and Technology, China.
Polymorphism Selection. We used the resequencing data of 90 individuals in the Environmental Genome Project database (http://egp.gs.washington.edu/) to select tagSNPs from the reported SNPs/deletion/insertion polymorphisms (DIP) based on their putative functional potentials (i.e., nsSNPs) and from the calculation of pairwise linkage disequilibrium. A greedy algorithm was used to choose the tagSNPs given a minimal LD variable r 2 threshold of 0.5 according to the polymorphism density in ERCC2 and ERCC3 (16) . Therefore, if we have a tagSNP list T, the number of SNPs/DIPs identified at level t is counted as M T = Count j (Max i,i 2T LD i,j > t). By using this selection method, we selected seven tagSNPs, including the functional Asp 312 Asn and Lys 751 Gln variants, for ERCC2 from a total of 39 common SNPs/DIPs (MAF > 0.1), and four tagSNPs for ERCC3 from a total of 36 common SNPs/DIPs available in the Environmental Genome Project database (http://egp.gs. washington.edu/). However, because the primers (probes) for some loci could not be successfully constructed by the ABI Primer Express Oligo Design software, we only successfully genotyped five of the seven ERCC2 SNPs/DIPs and three of the four ERCC3 SNPs/DIPs in our 1,010 lung cancer patients and 1,011 cancer-free controls (Table 1) .
Laboratory Assays. Genotyping was done by the 5 ¶-nuclease (Taqman) assay, using the ABI PRISM 7900HT Sequence Detection System (Applied Biosystems, Foster City, CA), in 384-well format, at the Chinese National Human Genome Center at Shanghai, China. The Taqman primers and probes were designed using the Primer Express Oligo Design software v2.0 (ABI PRISM) and available upon request. The intensity of each SNP should meet the criteria of three clear clusters in two scales generated by SDS software (ABI).
Statistical Analyses. Differences in select demographic variables (smoking status, pack-years smoked, and the frequency of ERCC2 and ERCC3 genotypes between the cases and the controls) were evaluated by using the m 2 test. The associations between ERCC2 and ERCC3 genotypes and lung cancer risk were estimated by computing the odds ratios (OR) and 95% confidence intervals (95% CI) from both univariate and multivariate logistic regression analyses with adjustment for age, sex, family history of cancer, and packyears of smoking. To evaluate the effects of the combined genotypes, we first combined the heterozygote and variant homozygote genotype into one genotype for each of seven loci (0 = reference genotype; 1 = risk genotypes) under the assumption of a dominant model for the variant alleles. Then, we combined all dichotomized variables of the seven loci as a new combined genotype variable and categorized this new variable into 0 to 1, 2, 3, and z4 strata according to the number of ''at-risk'' loci (i.e., the ones that were more frequent in the cases than in the controls). This categorical variable was coded as dummy variables whose associations 
Results
The distributions of selected characteristics between lung cancer patients and controls were previously described elsewhere (15) . Overall, our frequency matching on age and sex was adequate (P = 0.98 for age and P = 0.30 for sex).
Smoking, self-reported family history of cancer in the firstdegree relatives were significant risk factors for lung cancer. Of the 1,010 cancer patients, 430 (42.6%) were adenocarcinoma, 335 (33.2%) were squamous cell carcinoma, 65 (6.4%) were small cell carcinoma, and 180 (17.8%) were large cell, mixed cell, or undifferentiated carcinomas. All genotype distributions in the controls were consistent with those expected from the Hardy-Weinberg equilibrium. However, one SNP (i.e., rs4150416 in ERCC3) had the MAF < 0.01 in both cases and controls in this Chinese population and therefore were excluded from subsequent analyses. About half of the SNPs/DIPs in this study population represent a MAF 10% lower than those reported in the Environmental Genome Project SNP database (http:// egp.gs.washington.edu), which may reflect either ethnic differences or frequency bias due to small sample sizes from which the database derived.
As shown in Table 2 , none of the SNPs/DIPs in both ERCC2 and ERCC3 was associated with lung cancer risk in the singlelocus analysis. Therefore, we did combined analyses, assuming a dominant model (i.e., to combine the heterozygous and homozygous at-risk genotypes versus the genotype with no at-risk allele) for each locus. A total of 847 (83.9%) cases and 899 (88.9%) controls had been successfully genotyped for all the seven loci. Compared with those who had 0 to 1 at-risk locus, subjects carrying >1 at-risk loci had increased risks of lung cancer (adjusted OR, 1.29; 95% CI, 0.98-1.70 for 2 at-risk loci; adjusted OR, 1.38; 95% CI, 1.02-1.85 for 3 at-risk loci; and adjusted OR, 1.51; 95% CI, 1.09-2.10 for z4 at-risk loci). A significant locus dose-response effect on lung cancer risk was also observed (P trend = 0.02). In stepwise logistic regression analysis, when we set the threshold P for one variant to entry the model as 0.20, rs4150441 in ERCC3 and rs13181 in ERCC2 were the two polymorphisms included in the model. The ORs (95% CI) were 1.31 (1.01-1.71) for rs4150441 and 1.20 (0.91-1.58) for rs13181 (data not shown).
The association between combined ERCC2 and ERCC3 variant genotypes (i.e., z2 at-risk loci versus 0-1 at-risk locus) and lung cancer risk was further evaluated by stratification analyses by age, sex, smoking status, family history of cancer, and histologic types ( Table 3) . As shown in Table 3 , the effects of combined variant genotypes were slightly more evident in young subjects (V60 years; adjusted OR, 1.58; 95% CI, 1.10-2.28), males (adjusted OR, 1.45; 95% CI, 1.09-1.95), current smokers (adjusted OR, 1.41; 95% CI, 0.96-2.80), subjects with family history of cancer (adjusted OR, 1.91; 95% CI, 0.98-3.74), and subjects with histologic type of adenocarcinomas (adjusted OR, 1.61; 95% CI, 1.14-2.26). However, we found no evidence for any interaction between combined variant genotypes and smoking/ family cancer history in the multivariate logistic regression model (data not shown).
In addition, we did haplotype/diplotype inference using the PHASE 2.0 program based on the known genotypes of the two NER genes. For ERCC2, no obvious association was obtained for both haplotype and diplotype analyses (data not shown). For ERCC3, compared with the haplotype TA carrying no at-risk allele, the TG haplotype was associated with a 1.12-fold increased risk of lung cancer (95% CI, 0.98-1.29), and the CA haplotype was associated with a 1.18-fold elevated risk (95% CI, 0.95-1.46). Table 4 summarizes the associations between ERCC3 common diplotypes and lung cancer risk. Compared with the diplotype carrying 0 copy of TG haplotype, the dipolotype carrying 1 copy of TG haplotype and 2 copies of the TG haplotypes were associated, respectively, with a 1.25-fold (95% CI, 0.97-1.61) and a 1.28-fold (95% CI, 0.97-1.68) increased risks of lung cancer. Similarly, the dipolotype carrying 1 copy of TA haplotype and 2 copies of the TA haplotypes were associated, respectively, with a 13% (95% CI, 0.72-1.06) and a 24% (95% CI, 0.55-1.04) decreased lung cancer risks (Table 4) . 
Discussion
In this lung cancer case-control study in a Chinese population, we found, for the first time, that genetic variants in ERCC2 and ERCC3, each conferring a small portion of risk, may jointly contribute to lung cancer risk. These findings indicate that some representative tagSNPs of ERCC2 and ERCC3 along with their surrounding regions may serve as biomarkers of susceptibility to lung cancer. However, these findings warrant further validation by studies on biological significance of these SNPs/DIPs and population-based association studies.
In the current study, we used a polymorphism selection strategy combining both hypotheses-driven (nsSNPs) and hypotheses-free (tagSNPs) approaches to identify the most representative SNPs in ERCC2 and ERCC3. Although we had a few missing data in each locus genotyped, the relatively large sample size made it possible to perform both single-locus evaluation and combined analyses. Furthermore, because the 90 U.S. individuals in the Environmental Genome Project database had mixed ethnic background, and because Asian populations (including Chinese) were defined as that with lower haplotype diversity and higher pairwise LD compared with other populations (18), we thought our selected tagSNPs from the Environmental Genome Project SNP database would be more informative than we originally estimated. For example, for the ERCC2 gene, the pairwise LD between rs1799786 and rs1799793 in our study population was 0.90, which was higher than 0.48 in the NIEHS SNP database, suggesting that genetic variants of these genes in Asian population might have the more power to capture variations across the gene. Although we only genotyped two informative SNPs in ERCC3 (rs2271026 and rs4150441), these two SNPs were exactly the two of the three tagSNPs that the HapMap project recommended for Chinese population at a minimal LD variable r 2 threshold 0.8 (http:// www.hapmap.org/). Furthermore, all the captured SNPs by the other tagSNPs in HapMap database had a pairwise r 2 of 0.657 with the typed rs4150441 SNP; therefore, the two typed SNPs in our study are the actual tagSNPs for ERCC3 in the Chinese population according to the HapMap database, although this information was not available when the project started.
The exact biological mechanisms of how these ERCC2 and ERCC3 SNPs/DIPs affect cancer risk at the molecular level remain to be unraveled. However, published studies on the structure and functions of the two nsSNPs in ERCC2 are informative in understanding the potential roles of these polymorphisms. The ERCC2 Lys 751 Gln polymorphism is about 50 bases upstream from the poly(A) signal and therefore may alter XPD protein function. Apart from the direct link between genotype and DRC phenotype (7, 9) , the ERCC2 Asp 312 Asn and Lys 751 Gln variants have been suggested to be associated with higher levels of chromosomal aberrations induced by X-ray (11) and increased levels of DNA adducts (19, 20) . However, compared with these ''intermediates,'' cancer as an end point might be more complicated in the presence of many other unknown competing risk factors, and a single genetic variant is insufficient to predict the complex phenotype under the polygenic model, where a large number of alleles, each conferring a small genotypic effect (perhaps of the order of 1.1-1.5), may combine additively or multiplicatively to confer a range of cancer risk in the general population (21, 22) . *Polymorphic bases were in 5 ¶ to 3 ¶ order as listed in Table 2 . cAdjusted for age, sex, family history of cancer, and pack-years of smoking.
In the present study, we observed that the frequency of histologic types of lung cancer is different from what were found in other Asian countries probably because of the different smoking rate of the populations, different proportion of females in lung cancer cases, different proportion of the cases from countryside, different diagnostic criteria of different countries, and potential selection bias of different hospitals. Differences in allele frequencies or LD structure across different populations or ethnic groups may be another concern for possible confounding effects because the same high-risk allele may have a very different pattern of association with marker alleles and haplotypes in different ethnic groups (23, 24) . Prevalence of the variant ERCC2 alleles and genotypes varies markedly with ethnicity (7, 20, (25) (26) (27) (28) (29) (30) (31) . In the current study, allele frequencies of the ERCC2 312 Asn and 751 Gln were both consistent with those reported by Liang et al. in a large case-control study of 1,006 lung cancer cases and 1,020 controls in North China (28) .
Like all other case-control studies, however, inherited biases in the present study may have led to spurious findings. First of all, because our study was a hospital-based study, our control subjects may not be representative of the general population. However, we believe that our results are unlikely to be attributable to selection bias because we used a relatively large number of incident lung cancer cases and matched the controls to the cases on age, sex, and residential area. Second, although we included >1,000 cases and 1,000 controls, we found that none of the variant genotypes was associated with a significantly increased or decreased risk of lung cancer in the single-locus analysis, which may reflect the need of larger sample sizes for association studies of these low-penetrance genes. Clearly, our sample size was not large enough to identify significant associations of the effect in different strata in subgroup analyses, and we also failed to evaluate geneenvironment interactions adequately. However, the approach of using combined tagSNPs may represent an alternative way of analyzing the overall effect of the ERCC2/ERCC3 genetic variants as well as potential joint effect between these two genes. Because we focused on the overall effect of the combined genotypes and the dose-response effect for the association between the number of at-risk loci and lung cancer risk, no specific combined genotype could be specified for the observed effect. Because the combined genotypes were based on the tagSNPs (other than functional SNPs), these should be free of the any assumption on their functionality that is difficult to be investigated in the laboratories. Third, for each locus, the genotyping failure rate was <5%, but the overall genotype failure rate for all seven loci combined was 12% for the controls and 16% for the cases. However, there was no statistically significant difference in the distributions of demographic characteristics and smoking habits of those who were and were not included in the final analysis. Furthermore, because of our limited genotyping efforts due to our financial constraint, the five SNPs in ERCC2 and three in ERCC3 we genotyped were not enough to capture or represent all the genetic variants of these two genes. Finally, except for tobacco smoking, other factors, such as occupational exposure, and certain dietary components, might interact with ERCC2/ ERCC3 genotypes or act as potential confounders. Unfortunately, information on these factors in our case-control study was not available. It would be interesting to investigate interactions between ERCC2/ERCC3 genotypes and these risk factors in future studies. In addition, because we only used statistical methods to infer the haplotypes/dipolotypes instead of having actual phase information from family studies, the results need further validation.
In conclusion, our current study, benefited from a relatively large, homogenous ethnic Han Chinese population and simultaneous evaluation of multiple tagSNPs covering common variants in the two helicase genes of the TFIIH complex involved in the NER pathway, provided a snapshot of the relationship between ERCC2 and ERCC3 variants and lung cancer susceptibility. Validation of these findings in larger studies of other populations is needed.
